High aspect ratio iridium (IV) oxide nanorods have been successfully grown on a copper thin film by a chemical co-precipitation method. A porous anodised aluminium oxide (AAO) template was implemented to assist the growth of the well aligned and densely packed iridium oxide (IrO 2 ) nanostructures. Nanorods with an aspect ratio of 22 can be synthesised within 45 min. X-ray diffraction measurement unveiled the crucial role of the AAO template in the orientation-aligned growth of IrO 2 nanorods along the [110] crystallography direction. The large surface area of IrO 2 nanostructures exhibiting a high capacitive property can be utilised in supercapacitors or sensing applications. Owing to the simpler fabrication processes, IrO 2 nanorods can be mass produced in a short period of time.
High aspect ratio iridium (IV) oxide nanorods have been successfully grown on a copper thin film by a chemical co-precipitation method. A porous anodised aluminium oxide (AAO) template was implemented to assist the growth of the well aligned and densely packed iridium oxide (IrO 2 ) nanostructures. Nanorods with an aspect ratio of 22 can be synthesised within 45 min. X-ray diffraction measurement unveiled the crucial role of the AAO template in the orientation-aligned growth of IrO 2 nanorods along the [110] crystallography direction. The large surface area of IrO 2 nanostructures exhibiting a high capacitive property can be utilised in supercapacitors or sensing applications. Owing to the simpler fabrication processes, IrO 2 nanorods can be mass produced in a short period of time.
1. Introduction: Conducting metallic oxides, which possess high thermal and chemical stability, such as ZnO, OsO 2 , RuO 2 , TiO 2 and IrO 2 have been used as materials for durable electrodes in electrochemical studies [1] [2] [3] [4] [5] . Among these materials, iridium oxide (IrO 2 ) has received considerable attention because of its stable electrical transport properties [3] . Endowed with lower impedance and higher charge storage capacity, IrO 2 has been suggested as a suitable material for electrochemical supercapacitors [6, 7] . In addition, IrO 2 has been preferred for enzyme-based biosensors or neurostimulating electrodes because of its important traits of biocompatibility and antifouling ability for long-term usage [8, 9] . Researchers have successfully synthesised and characterised IrO 2 nanostructures [1, 3, 10, 11]. Nanoscaled IrO 2 with a low surface work function of 4.23 eV can be utilised as the catalyst for water splitting or methanol oxidation in fuel cells [11, 12] . The recent success in fabricating one-dimensional nanosized IrO 2 with high surface areas offers a promising means of improving the performance of IrO 2 -based supercapacitors, implantable biosensors and electrochemical catalysts.
However, the current methods to grow well-aligned IrO 2 nanostructures, such as nanorods, required multiple processing steps and sophisticated depositing systems. For instance, the metal organic chemical vapour deposition technique utilised a lowmelting iridium precursor (MeCp)Ir(COD), which was difficult to synthesise [2, 13] . The fabrication process had low repeatability because the precursor was oxidised and changed its properties after a few runs [2] . To overcome this barrier, using a physical deposition technique to grow IrO 2 nanorods without the need of a precursor was suggested [2, 6] . Reactive magnetron sputter was used to deposit IrO 2 on high-density carbon nanotubes (CNTs) to form IrO 2 /CNT nanocomposites. Although the growth conditions of the physical deposition method were controlled, the morphological feature of as-deposited IrO 2 was dependent on the density of the CNT template [2] . Moreover, this fabrication process may not be suitable for mass production because of the use of costly IrO 2 targets. Therefore there is still a need for cost-effective methods to synthesise IrO 2 nanorods.
In this Letter, we report a new method to synthesise IrO 2 nanorods by a low-temperature chemical bath process, supported by anodised aluminium oxide (AAO) template membranes. The method offers several advantages including cost-effectiveness, ease of preparation, high throughput and applicability on substrates that require a low thermal budget such as polymers. The structural and spectroscopic properties of the nanorods were characterised by a scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD). The cyclic voltammetry (CV) technique was applied to evaluate the charge storage capacity of the IrO 2 nanorods. The preliminary study showed an electrode capacitance of 34.8 F/g in the precipitated IrO 2 nanorods.
Fabrication and methods

Chemicals and agents:
A chemical bath solution for the precipitation process was made with hydrated iridium (IV) chloride IrCl 4 .2H 2 O (Air Craft Chemicals Inc., 99.5%) and potassium bicarbonate (Alfa Aesar, 99%). Home-made AAO membrane was fabricated using 25 mm-thick aluminium foil (purity 99.5%, metal basis). The chemicals for anodisation and aluminium etching include oxalic acid (Ricca Chemical), copper chloride (Fisher Scientific, 98%), hydrochloric acid solution (Banco, 37%) and phosphoric acid solution (Em Science, 85%).
Growth of nanorods:
An amount of 0.1 g IrCl 4 .2H 2 O was dissolved in 40 ml of deionised water. The solution was mixed with a magnetic stirrer for 3 h before use. The colour of the solution changed from light purple to light blue after one day and dark blue eventually. The change in the colour of the solution indicated the presence of iridium hydroxide and colloidal IrO 2 nanoparticles [14, 15] . According to Meyer et al. [9] , the suspension of homogeneous IrO 2 nanoparticles slowly formed at the room temperature when the solution was exposed to air for a prolonged period. For the solution we used, the precipitation rate of IrO 2 particles was too fast and unable to be controlled if the solution was kept at room temperature of more than 48 h. However, the solution kept at 48C can be used for multiple times.
The chemical bath solution for the precipitation process was prepared by adding an amount of 1.5 mg K 2 CO 3 to 5 ml of the iridium chloride solution. The role of K 2 CO 3 in the formation of IrO 2 nanorods was considered as the hydrolysis of K 2 CO 3 in the aqueous solution generated sufficient hydroxyl anions promoting the formation of IrO 2 nanoparticles as follows
The chemical bath solution was heated at 958C during the deposition process. Thermal treatment is a necessary step for potassium bicarbonate to be hydrolysed as shown in the reaction (1). In the meantime, IrO 2 colloids formed and aggregated inside the AAO porous membrane following the reaction (2). The role of AAO membrane was not only to stabilise IrO 2 nanoparticles [10, 14] , but also to support the preferential orientation growth of IrO 2 nanorods.
Fabrication:
The fabrication steps are depicted in Fig. 1 . First, an aluminium foil with a thickness of 25 mm was anodised in 0.33 M oxalic acid with a constant voltage of 40 V. The anodisation process was carried out at 48C for 6 h. The anodisation current stayed constant during the process and it dropped quickly at the end of the process. The anodisation process created nanometrescale channels with a thin barrier layer of aluminium oxide at the bottom. To remove the undesirable barrier layer, the sample was immersed in 10 wt% phosphoric acid at 258C for 70 min. This step also widened the size of nanochannels, which finally had diameters of around 80-100 nm. In the second step, the backside of the aluminium film was etched by an aluminium etchant solution (mixed of 0.5 M HCl and 0.3 M CuCl 2 ) to create through holes in the AAO membrane. Cross-sectional SEM images were obtained to examine the membrane thickness, which was about 10 mm. In the third step, a 400 nm-thick copper thin film acting as a support substrate was deposited by the thermal evaporation process on one side of the membrane. To enforce the sample integrity, a piece of plastic film was attached underneath the copper thin film with a viscous polydimethylsiloxane (PDMS) layer acting as the adhesive (step 4 in Fig. 1 ). IrO 2 nanorods were then grown by chemical bath deposition in the template and the sample was released afterwards by dissolving the AAO membrane in 1 M KOH solution as shown in steps 5 and 6 in Fig. 1 .
Results and discussion
Morphology and composition characterisation:
The morphology feature of IrO 2 nanorods on the Cu thin film substrate is shown in Fig. 2 . The top and tilted views in Figs. 2a and b exhibited highly dense and well-ordered nanorods. It has been observed that nanorods were formed perpendicular onto the substrate. The nanorod density was estimated as about 3 × 10 9 cm 22 . The diameters of nanorods were in the range of 80-100 nm, which is similar to the diameters of the pores in the AAO template. This implies that the colloidal IrO 2 nanoparticles were aggregated inside and self-assembled along the AAO channels. Therefore the size of the nanorods could be adjusted by controlling the diameter of the nanopores in the template, which mainly depends on the anodisation voltage and pore widening time. To demonstrate this feature, two additional AAO templates have been fabricated at the same anodised conditions but with different pore widening times. reactions (1) and (2) accelerated the self-assembly processes of colloidal IrO 2 nanoparticles with time. The result shows that we could achieve IrO 2 nanorods with an average length of 4352 nm and diameter of 196 nm, corresponding to an aspect ratio of 22, after 45 min of precipitation.
3.2. Microstructural analysis: EDS analysis for the precipitated IrO 2 on a Cu substrate was performed at 20 kV to investigate the chemical composition of the sample. Besides the presence of Ir, O and Cu, as expected, the residues of C and Cl molecules were also detected. The EDS measurement indicated that the IrO 2 nanorods have an average atomic ratio of Ir to O of 1:2.
XRD analysis was performed to study the crystal structures. For comparison, Fig. 4a shows the XRD pattern of IrO 2 powder precipitating on a glass substrate. The result with no typical peaks indicates the presence of amorphous IrO 2 . Fig. 4b shows the XRD measurements of IrO 2 nanorods on a copper substrate. Besides the peaks of crystallised copper, it has a sharp peak at 26.3 8 . Using Bragg's law, we find the spacing between planes in the atomic lattice is 3.347 Å , which matches with the lattice spacing along the IrO 2 [110] (3.281 Å as reported in [1]). The crystal index of IrO 2 [110] was further verified by comparing the XRD pattern to the ones in the literature [16] . XRD analysis inferred that the crystalised IrO 2 was preferentially oriented along the [110] direction inside the AAO template in our fabrication method.
3.3. Voltammetric behaviour: CV analysis was carried out to study charge capacity of precipitated nanorods. A three-electrode setup was utilised with a Pt wire counter electrode, an Ag/AgCl standard reference electrode and a 1 × 1 cm 2 working electrode of IrO 2 nanorods. The solution of 1 M KOH supplied electrolytes for the experiment. The CV diagram of IrO 2 /Cu has a scan rate of 100 mV/s in the negative region from 21.0 to 0 V, as shown in Fig. 5 . The presence of IrO 2 was manifested by the peak at 20.8 V, according to the literature [6] . The other peak that occurred at 20.4 V was because of the absorption of hydroxide on the IrO 2 surface [6] . The CV curve in the potential range between 20.5 and 20.7 V (DV ¼ 0.2 V) with no redox reaction was chosen to estimate the capacitance value, which was calculated by the following equation [6, 17] 
where m, S and IdV are the mass of the active material, CV scanning rate and integration of the CV curve, respectively. The mass m is determined by the difference in mass of the sample measured before and after the growth of IrO 2 nanorods. As calculated, the IrO 2 nanorods' unit capacitance was found to be 34.8 F/g, which is twice the unit capacitance of the electrode made by CNTs with a diameter of about 40 nm [6] . It should be noted that the growth parameters of nanorods in this preliminary work have not been optimised yet to reach a maximum surface to volume ratio before the length of the nanorods becomes too long and collapse on each other. We will further investigate this issue.
Conclusions:
A new precipitation method to grow high-density and well-aligned IrO 2 nanorods using the solution precipitation method inside AAO membrane has been proposed and implemented. The characterisation by SEM, EDS and XRD showed that the AAO template assisted the formation of crystalline IrO 2 nanorods. Higher unit capacitance value because of the high contact surface area in nanorods was validated by the CV technique. It is possible to implement the nanorods' modified surfaces for supercapacitors or sensor applications owing to the increase of active surface area while preserving the material advantages of IrO 2 . The simpler, cost-effective and fast deposition processes demonstrated will be suitable for mass production in the future.
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